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COLLAPSE TESTS OF PRESSURIZED
MEMBRANE-LIKE CIRCULAR CYLINDERS FOR COMBINED
COMPRESSION AND BENDING

By Walter J. Leaumont, Jr.
Langley Research Center

SUMMARY

~ 2

v WE;;erimental collapse loads are presented for combined compression and

bending of internally pressurized membrane-like cylinders with a length-radius

ratio of three and with large values of radius-thickness ratio. The results

show a linear relationship of compressive loads and bending moments for col-

lapse of cylinders of length such that column-bending effects are’negligib%s;J ﬁ/
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TINTRODUCTION

yﬁ ) éghz JzZQpckling be ox fﬁylnternally pressurized cyllngers subjected

to b ﬁgﬁ ménts and réés Tve loads has besii Viehed from a membrane-theory
approachJZrefs 1l and 2) These studies indicated a need for experimental data
for internally pressurized cylinders subjected to combined bending and compres-
sion and designed to be well into the range of membrane behavior. Accordingly,
the data were obtained by testing cylinders made of thin polyester film and the
results are presented herein. Cylinders with radius-thickness ratios of 3000,
6000, and 12 000 were tested at internal pressures so that data well into the
range of membrane behavior were obtainfi;l)

I

The units used for the physical quantities defined in thils section are
given both in the U.S. Customary units and in the International System of Units
(SI). Factors relating the two systems are given in reference 3.

P compressive load at collapse of cylinder, pounds (newtons)

applied compressive load causing collapse 1n absence of bending
loads, pounds (newtons)

P! theoretical collapse load, pnre + 1l.2¢Et2, pounds (newtons)
o) ’ » P



E Young's modulus, pounds/inch2 (newtons/meter?)

1 length of cylinder between end plates, inches (meters)

M bending moment at collapse of cylinder, inch-pounds (meter-newtons)

Mg applied bending moment causing collapse in absence of compressive
loads, inch—pounds (meter-newtons)

; theoretical collapse moment, pnr3, inch-pounds (meter-newtons)

r radius of cylinder, inches (meters)

P internal hydrostatic pressure, pounds/inch® (newtons/meter2)

p* pressure parameter (ref. 1), [iE(l - “21]1/2(%>(%)2

t thickness of wall material, inch (meter)

M Poisson's ratio

TEST SPECIMENS AND PROCEDURES

The general configuration and dimensions of the test cylinders are shown
in figure 1 and table I. The radius-thickness ratios of the cylinders were
3000, 6000, and 12 000; all cylinders had the same length-radius ratio, that
is, Z/r of 3.0. The cylinder walls of transparent plastic Epolyethylene ter-
ephthalate] film were fabricated with the rolled direction in the longitudinal
direction. Two diametrically opposed, 0.5-inch (1.27-cm) lap seams, parallel
to the longitudinal axis, were positioned along the neutral axis of each speci-
men. After cutting the material for the proper circumferential dimension, the
two seams were bonded. The cylindrical shape was then slipped over a long
machine-finished mandrel for attachment of the split end rings. (See fig. 1.)
While the plastic film was on the mandrel, the split rings were positioned and
bonded to the cylinder wall. Excess film was then trimmed from the ends
leaving 0.5 inch (1.27 cm) of film to be notched, turned back, and bonded to
the face of the rings. All bonds were made with a synthetic elastomeric adhe-
sive. Finally, following removal of the mandrel, the end plates with attached
gaskets were bolted to the end rings and thus sealed the pressure vessel. End
plate details are shown in figure 1.

The test setup is shown in figure 2. The suspension system was arranged
to permit many degrees of freedom. Wherever rotations occurred, knife edges
of hardened steel were used to minimize the effects of friction. Dead loads
applied slowly provided all loading conditions. Compressive loading was accom-
plished by restraining, although not fixing, one end plate and pulling the
opposite end plate toward the restrained end. The restrained end plate was
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Figure 2. - General view of test setup. 1-63-1972.1




free to rotate about the neutral axis but was not free to translate. Pure
bending was introduced into the specimen by placing a load at a fixed eccen-
tricity from the center of rotation of the end fixture; transverse shear forces
due to the eccentric load were counteracted by the end suspension system.
Hence, combined loadings were introduced into the cylinder wall by relative
rotation and translation of the end plates. A detailed view of the suspension
and load application systems 1s shown in figure 3. Prior to attaching the
cylinder onto the end plates, all welghts resulting from attached fixtures
(loading bar, pressure lines, end plates) were counterbalanced to eliminate the
introduction of extraneous bending loads. The specimens were pressurized by a
constant slow rate of flow of air through the cylinder throughout the duration
of the testing to permit small volume changes without a corresponding pressure
change. Pressure was controlled by a conventionasl pressure regulator with fine
ad justment valves and monitored with a water manometer. The internal pressure
loaded the cylinder hydrostatically; that is, the pressure load on the ends of
the cylinder was carried by the walls of the cylinder not by the test fixtures.
The pressures were such that at least four discrete values of the parameter p*
were Investigated within each of the three r/t groups. Experimental compres-
sive strength P, (zero bending moment), and experimental bending strength Mg
(zero compressive load), were determined for these values of p*. In the
combined-load tests a minimum of five values of axlal compression were succes-
sively applied. The axial compression ranged from 8 to 94 percent of the
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Figure 3.- Details of test setup. L-63-1971.1




compressive load required to buckle the cylinder in the absence of bending
moments. The test procedure consisted of subjecting the cylinder to a partic-
ular pressure followed by the prescribed compressive load. Bending moments
were then applied and were increased in small increments until the deflectlon
would not stabilize but continued to grow without the application of an addi-
tional bending moment. This point was defined as collapse. Collapse was never
severe enough to cause rupture of the specimen. However, deformations observed
as the specimen approached failure were excessive. Deep wrinkling encompassing
approximately 75 percent of the circumference and center-line deflections
approaching 1/2 inch (1.3 em) were not uncommon. Particular care was taken to
inspect the specimen after each test to determine the presence of damage to the
bond and to the cylinder wall. After each run, at least two check tests were
performed to determine the repeatability of experimental collapse loads. In
all cases the reported collapse loads could be duplicated. The repeatability
of results was taken to be an indication that the large deformations experi-
enced by the cylinder had no deleterious effects on the test cylinders that
would influence the next test.

In an effort to reduce the variation of material properties with tempera-
ture and humidity, all tests were performed in a controlled environment; room
temperature was regulated between 70° F and Th® F (2940 K and 296° K), and the
relative humidity remained less than 50 percent.

It was not the intent of the test program to conduct a detailed investiga-
tion into the material properties of the plastic film. No measurements were
made to accurately establish Poisson's ratio p, and thickness measurements
were performed only to verify the nominal thickness of the material. These
nominal thicknesses were used in reducing the data. The results of modulus
tests are given in table II. Two types of tensile tests on strips of plastic
film 1.0 inch (2.54% cm) wide and one test on a cylinder were performed. On the
basis of these tests and on the basis of the results of reference 4, Young's
modulus E was taken as 700 000 psi (4.82 GN/mg) and Poisson's ratio p was
taken as 1/3. It should be noted that the combined-load data presented herein
are rather insensitive to the exact values of E and p employed in reducing
the data. The quantity Et2 appears in the expression for Pé and for p*
but otherwise these values are not used. The term with Et2 in the expression
for PJ is small compared with the other term for cylinders with large radius-
thickness ratios and internal pressures. The effect on the value of p* is
more direct but small changes of p* in the region considered do not seriously
affect the results.

RESULTS AND DISCUSSION

The combinations of compressive load P and bending moment M for col-
lapse of the cylinders are given in table I. Each group of data in the table
shows results obtained from one cylinder; the initial row of each group shows
the collapse load for pure compression, subsequent rows show combinations of
compression and bending, and the last row of each group, the collapse moment
for pure bending. The pure loading tests were performed principally to obtain



reference points for the combined-load data; however, some comments regarding
the pure loading results follow.

Pure Compression

The experimental collapse loads for pure compression P, were divided by
the theoretical collapse load Pé where

Pl = prre + Eﬂrt[%——QEE————-
rJB(l - u2)

The results are shown in the column Po/Pé in table I. The values of Po/%é

are seen to be sglightly above unity in most cases as might be expected for the
following reasons:

(a) The spliced material is not included in the theoretical calculations

(b) The thickness of the material probably deviates from the nominal value
used in the calculations. This deviation might be expected to be most notice-
able for the thinnest gage material and this reasoning is consistent with the
test results

(¢) The modulus of elasticity may differ from the value assumed and dis-
cussed under Test Specimens and Procedures

Although these shortecomings are worthy of mention, the validity of the test
results for the pure-compressive loads is demonstrated by the reasonably good
agreement with the theoretical values and the substantiation of the loads pro-
vided by the duplicate tests.

Pure Bending

The experimental collapse moments for pure bending M, vwere divided by
the theoretical membrane-collapse moments M, where

Mé = p:‘tI'B

It should be noted that the reference moment Mg does not include the effect of
wall stiffness of the cylinder as was the case for the reference load PS shown
in the previous section. In the case of the moment loading, uncertainty exists
as to the contribution of the wall stiffness. (See refs. 1 and 2.) Conse-
quently the membrane moment without any wall stiffness contribution was used

as the reference moment herein. The results are shown in the column headed
MO/Mé in table I. Whereas theoretical considerations indicate that the value
of Mg | should be greater than unity, the results are seen to be slightly

below unity in most cases; the following causes may contribute to these low
results:
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Figure 4. - Combined compression and bending of pressurized cylinders.




(a) The collapse of the cylinders at the lowest pressure (initial test in
each case) may have minutely creased or weakened the material so that a pre-
ferred buckling mode occurred when the cylinders were subsequently tested at
higher pressures

(b) Although deep wrinkling encompassed much of the periphery of the
cylinder when each test was completed (see Test Specimens and Procedures), the
complete periphery was not buckled as assumed by the limit theory result for MO-

Combined Compression and Bending

The experimental combined load and moment for collapse were divided by
the experimental pure load and moment, respectively, for each cylinder and the
results are given under the columns P/P, and M/M, in table I. These results

are presented in figure 4, and are compared with a linear interaction curve
glven by

2 M

Po Mo

The linear relationship is in good agreement with experimental data for all the
cylinders tested and 1s presumed to be representative of cylinders with a
length-radius ratio less than those tested (1/r = 3.0). The linear behavior
would not be expected for cylinders much longer than those tested; column-
bending effects for longer cylinders would be expected to produce deviations
from the linear behavior found for the test cylinders. (See ref. 5.)

CONCLUDING REMARKS

Conmbined-load tests of internally pressurized c¢ylinders with a length-
radius ratio of three and with large values of the radius-thickness ratio show
a linear relationshlp of compressive loads and bending moments for collapse of
the cylinders. Column-bending effects for longer cylinders would be expected
to produce deviations from the linear behavior found for the test cylinders.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 3, 1965.
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TABLE I.- DIMENSIONS AND TEST RESULTS

(a) Cylinder 1:

t = 0.00L in. (25.h pm); r/t = 3000

2 M To Yo
1b N in-1b ulN Po Mo Po M,
P* = 16; p = 0.368 psi (2537 N/m?)
13.0 57.9 0 0 1.00 0 1.00
9.7 43,2 9.00 1.02 .75 .28
7.7 2h.3 12.75 1.ky .59 4o
5.7 25.4 18.00 2.03 Rin .56
b7 20.9 20.25 2.29 .36 .63
3.7 16.5 21.75 2.46 .28 .68
2.7 12.0 24.00 2.71 .21 T
0 0 32,22 3.63 0 1.00 1.03
P* = 25; p = 0.580 psi (3999 N/m3)
19.7 87.7 0 0 1.00 0 1.03
15.7 69.9 9.75 ~1.10 .80 .21
13.7 61.0 12.75 1.kk .70 27
10.7 47.6 21.75 2.45 .54 BT
8.7 38.7 25.50 2.88 RIS Sh
6.7 29.8 30,00 3.39 i Nan
b7 20.9 34,50 3.90 .24 .3
2.7 12.0 h1.25 4.65 14 .87
0 0 47,22 5.34 0 1.00 0.96
p* = 29; p = 0.677 psi (4668 N/m2
22,0 97.7 0 0 1.00 o 1.01
17.7 8.8 11.25 1.27 .81 2L
15.7 69.9 15.75 1.78 .72 .29
1.7 52,1 2k.75 2.80 .53 A5
8.7 38.7 31.50 3.56 Lo .58
5.7 5. 39.00 441 .26 .7
k.7 20.9 41,25 h.66 .21 .5
3.7 16.5 W25 5.00 W17 .81
2.7 12.0 48.00 5.42 .12 .88
o 0 sk, 72 6.18 0 1.00 0.95
p* = 33; p = 0.770 psi (5309 N/m2
25.2 112.1 0 0 1.00 0 1.03
20.7 92.1 10.50 1.19 .82 W17
18.7 83.2 15.75 1.78 ST .25
15.7 69.9 22,50 2.54 62 .36
12.7 56.5 29.25 3.31 .50 L7
10.7 47,6 33,00 3,73 L2 .53
TT 34,3 40.50 4,58 W31 .65
5.7 5.0 45.00 5,09 .23 .72
2.7 12.0 52.50 5.93 .11 .85
0 0 62,10 7.02 0 1.00 0.95
p =U5; p = 1.063 psi (7329 N/m2
33,2 7.7 0 0 1.00 0 1.01
5.7 114 18.00 2.03 T .23
23.7 105.5 22,50 2.54 Rl .29
20.7 92.1 29.25 3,31 .62 37
15.7 69.9 L0.50 k.58 M7 .52
10.7 47.6 52.50 5.93 .32 R
8.7 38.7 57.75 6.53 .26 ]
5.7 25.4 64.50 7.29 W17 .82
3.7 16.5 69.00 7.80 A1 .88
0 0 78.60 8.80 0 1.00 0.87
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TABLE I.- DIMENSIONS AND TEST RESULTS - Continued

(b) Cylinder 2:

t = 0.00L in. (25.4 pm); r/t = 3000

M

2 M Fo Yo
1b N in-1b N Fo Mo Po Mo
p* = 16; p = 0.368 psi (2537 N/n?)
12.7 56.5 o} 0 1.00 0 0.97
9.7 43,2 8.25 .93 .76 .26
7.7 3.3 12.75 1.4y .61 4o
5.7 5.4 17.25 1.95 45 .54
b7 20.9 20.25 2.29 W37 .63
3.7 16.5 22.50 2.54 .29 .70
2.7 12.0 25.50 2.88 .21 .79
0 0 32,10 3.63 0 1.00 1.03
p* = 25; p = 0.580 psi (3999 N/m2)
19.2 85.4 0 0 1.00 0 1.0L
15.7 69.9 9.75 1.10 .82 .21
13.7 61.0 13.50 1.53 WL .29
10.7 7.6 21.00 2.37 .56 45
8.7 38.7 25.50 2.88 A5 .55
6.7 29.8 30,00 3.39 .35 .65
k.7 20.9 36.00 k.07 .2k .78
2.7 12.0 40.50 4.58 2 .87
0 0 46.35 5.24 o] 1.00 0.94
p* = 29; p = 0.677 psi (4668 N/m2)
21.7 96.6 0 0 1.00 0 1.00
17.7 78.8 11.25 1.27 .81 .21
15.7 69.9 15.75 1.78 .72 .29
11.7 52.1 25.50 2.88 .5k 7
8.7 38.7 32.25 3.6k ko .59
5.7 25.4 39.75 4. ko .26 T3
b7 20.9 k2,00 475 .22 T
3.7 16.5 bl 25 5.00 A7 .81
2.7 12.0 46.50 5.25 .12 .85
0 0 54,60 6.17 0 1.00 0.95
¥ = 33; p = 0.770 psi (5309 N/m2)
2h.7 109.9 0 0 1.00 0 1.01
20.7 92.1 11.25 1.27 .8l .18
18.7 83.2 15.75 1.78 .76 .25
15.7 69.9 22.50 2.5k Ran .36
12.7 56.5 30.00 3.39 .51 .48
10.7 k7.6 34,50 3.90 A3 .55
TeT 4.3 40,50 4,58 W31 L6h
5.7 5.4 46.50 5.25 .23 o
2.7 12.0 53.25 6.02 11 .85
0 0 62.85 7.10 0 1.00 0.96
p* = U5; p = 1.063 psi (7329 N/u?)
33.2 1477 0 0 1.00 o} 1.01
5.7 11k.b 18.00 2.0% 7 .02
23.7 105.5 24,00 2,71 .71 .30
20.7 92.1 30.00 3439 .62 .37
15.7 69.9 k2,00 k.75 Q7 .52
10.7 k7.6 54 .00 6.10 .32 67
8.7 38.7 60.00 6.78 .26 ST
5.7 25.k 66.00 T.46 AT .81
3.7 16.5 72.00 8.1% .11 .89
0 0 81.00 9.15 0 1.00 0.90
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(c) Cylinder 3:

TABLE I.- DIMENSIONS AND TEST RESULTS - Continued

t = 0.0005 in. (12.7 um); r/t = 6000

2 M Po )
1 1
1b N in-1b N Po Mo Py Mg
P* = 32; p = 0.191 psi (1317 N/m2)
6.2 27.6 0 0 1.00 0 1.14
b7 20.9 k.00 A5 .76 .25
4.2 18.7 5.49 .62 .68 W34
3.7 16.5 6.24 ol .60 .39
3.2 k.2 T.Th 87 .52 48
2.7 12.0 9.24 1.04 Sl .58
1.7 7.6 11.64 1.32 .27 .73
0 0 16.00 1.81 0 1.00 0.95
p 40; p = 0.236 psi (1627 §/uw2)
7.2 32,0 0 0 1.00 0 0.98
5.2 23,1 5.49 .62 .72 .28
k.7 20.9 7.00 .79 .65 .36
3.7 16.5 9.30 1.05 .51 .48
3.2 14.2 10.74 1.21 il 55
2.7 12.0 12.24 1.38 .38 .63
1.7 7.6 14.49 1.64 2 T
0 o} 19.50 2.20 o} 1.00 0.98
P*¥ = 50; p = 0.295 psi (2034 N/w?)
9.2 %0.9 0 0 1.00 0 1.02
5.7 5.k 9.00 1.02 .62 .39
b7 20.9 12,00 1.36 .51 .52
h.2 18.7 12.75 1.hk A6 55
3.2 4.2 15.00 1.70 .35 .65
2.8 9.8 18.00 2.03 W24 .78
1.2 5.3 19.25 2.18 .13 .83
0 ¢} 23.10 2,61 o} 1.00 0.92
P¥ = 65; p = 0.383 psi (2641 N/m2)
11.7 52.1 0 0 1.00 0 1.02
8.7 38.7 T7.50 .85 T .25
T.7 34,3 10.50 1.19 .66 .3k
5.7 25.) 15.00 1.70 149 9
.7 20.9 18.00 2.03 A0 .59
3.7 16.5 21..00 2.37 .32 .69
2.7 12.0 23,25 2.63 .23 .76
0 0 30.60 3.46 0 1.00 0.94
P 80; p = 0.472 psi (3254 N/m2)
13.5 60.1 0 0 1.00 0 0.96
9.7 43,2 10.50 1.19 .72 .29
8.7 38.7 13.50 1.53 Nan 37
7.7 3.3 16.50 1.86 5T 45
5.7 5.4 21.00 2,37 L2 57
4.7 20.9 24,00 2.71 .35 .66
3.7 16.5 27.00 3.05 .27 iy
2.7 12.0 30,00 3.39 .20 .82
o} 0 36.60 b1k 0 1.00 0.92




TABLE I.- DIMENSIONS AND TEST RESULTS - Continued

(d) Cylinder k: t = 0.0005 in. (12.7 um); r/t = 6000

F " 3 M Fo Yo
b N in-1b ¥ Po Mo ) M
p* = 32; p = 0,191 psi (1317 N/m?2)
6.2 27.6 0 0 1.00 0 1.1%
5.2 23,1 2.64 .30 8k A7
b7 20.9 k.00 A5 .76 .25
h.2 18.7 5.49 .62 .68 CEL
3.7 16.5 6.24 Byal .60 .39
3.2 1.2 TeTh .87 .52 L8
2.7 12.0 9.24 1.04 Sl .58
1.7 7.6 11.64 1.32 .27 .73
0 0 : 16.00 1.81 1 0 1.00 0.9
p* = 40; p = 0.236 psi (1627 N/uw?)
7.2 32.0 0 0 1.00 0 0.98
5.7 25.4 k.00 A5 .79 20
5.2 23,1 5.49 .62 T2 28
b7 20.9 T7.00 .79 65 35
3.7 16.5 10.00 1.13 .51 51
3.2 k.2 10. 74 1.21 Al 5k
2.7 12.0 12.2k 1.38 .38 62
1.7 7.6 15.24 1.72 ol T
0 0 19,74 2.23 0 1.00 0.99
p* = 50; p = 0.295 psi (2034 N/m2)
9.2 k0.9 0 0 1.00 0 1.02
6.7 29.8 6.24 .71 .73 .27
5.7 5.4 9.24 1.0 .62 N
L.7 20.9 11.k9 1.30 W51 .51
L2 18.7 13.00 1.7 A46 ST
3.2 4.2 15.24 1.72 .35 .67
2.2 9.8 17.49 1.98 .24 T
1.2 5.3 19.7h 2.23 .13 .87
o} 0 22,74 2,57 0 1.00 0.91
p* = 65; p = 0.383 psi (2641 N/m2)
11.7 52.1 o} ¢} 1.00 0 1.02
9.2 40.9 6.24 .71 .79 .20
8.7 38.7 T.Th .87 ST .25
T.7 3h.3 10.00 1.13 .66 .32
5.7 5.4 15.24 1.72 ] L9
h.7 20.9 18.24 2.06 o) .59
3.7 16.5 20.49 2.32 .32 .66
2.7 12.0 23,49 2.65 .23 (3
0 0 31.00 3.50 0 1.00 0.96
p* = 80; p = 0.472 psi (3254 N/m@)
1h,2 63.2 0 0 1.00 0 1.01
9.7 43.2 11.k9 1.30 .68 .32
8.7 38.7 1h.hg 1.64 - .61 ko
7.7 3.3 16.74 1.89 .5k 46
5.7 25.4 22.00 2,49 R %) .61
b7 20.9 25.00 2.83 .33 .69
3.7 16.5 27.24 3.08 .26 75
2.7 12.0 29.49 3.33 .19 .81
0 0 36.24 k.10 0 1.00 0.91
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TABLE I.- DIMENSIONS AND TEST RESULTS - Continued

(e) Cylinder 5: t = 0.00025 in, (6.4 pm); »/t = 12 000

: i3 M Po X
1b N 1n-1b N Fo Mo P My
P* = 66; p = 0.10 psi (689 N/m2)

3.85 .5 0 0 1.00 0 1.08
2.00 8.9 3.27 W37 62 .38
1.75 7.8 4 .00 A5 5k L7
1.50 6.7 h,77 Sk 46 .56
1.25 5.6 5.52 .62 .38 .65
1.00 4,5 6.27 .71 .31 T
.50 2,2 7.02 .79 .15 .82
0 0 8.52 .96 o] 1.00 1.01
P* = 195 p = 0.12 psi (827 N/m?)
3.75 16.7 0 0 1.00 o] 1.05
2.50 11.1 3.27 W37 67 .35
2.00 8.9 k.00 A5 .53 43
1.50 6.7 5.52 .62 .ho .60
1.00 k.5 6.27 Nl .27 .68
.75 3.3 7.02 .79 .20 .76
.50 2.2 777 .88 .13 .84
o} 0 9.27 1.05 0 1.00 0.92
P* = 99; p = 0.15 psi (1034 N/m2)
k.50 20.0 0 0 1.00 0 1.02
3450 15.6 2.52 .28 .78 .22
3.00 134 3.27 37 67 .28
2.50 11.1 h.77 5L .56 b
2.00 8.9 6.27 Ral ik .5k
1.50 6.7 T.77 .88 .33 67
1.00 k.5 9.27 1.05 .22 .80
50 2.2 10.00 1.13 L1 .87
0 0 11.52 1.30 0 1.00 0.91
¥ = 132 p = 0.20 psi (1379 N/m2)
6.00 26.7 0 0 1.00 0 1.03
4.50 20,0 k.00 A5 .5 .26
k.00 17.8 o7 5k .67 .31
3.50 15.6 6.27 .71 .58 b1
3.00 13.4 T7.02 .79 50 L6
2,50 11.1 8.52 .96 L2 .56
1.50 6.7 10.77 1.22 .25 ral
1.00 k.5 12.27 1.39 W17 .80
.50 2.2 13.77 1.56 .08 .90
0 0 15.27 1.73 0 1.00 0.90




(f) Cylipder 6:

TABLE I.- DIMENSIONS AND TEST RESULTS - Concluded

t = 0.00025 in, (6.4 pm); r/t = 12 000

M 3 M Py M,
) 1
b N in-1b mN Po ¥, Po M,
p* = 66; p = 0.10 psi (689 N/m?)
3.25 1.5 0 0 1.00 0 1.08
2,50 11.1 1.77 .20 ST .23
2,00 8.9 3.27 37 .62 L2
1.50 6.7 4,00 A5 46 .51
1.00 k.5 5.52 .62 .31 ol
.50 2.2 6.27 LT .15 .81
o] 0 177 .88 0 1.00 0.92
¥ = 79; p = 0.12 psi (827 W/m2)
3.50 15.6 0 0 1.00 0 0.98
2.50 11.1 2.52 .28 .TL .27
2.00 8.9 4.00 45 5T L3
1.50 6.7 5.52 .62 43 .60
1.00 L5 7.02 .79 .29 .76
.5 3.3 TT7 .88 .21 .8l
.50 2.2 8.52 .96 L .92
0 0 9.27 1.05 0 1.00 0.91
p* = 99; p = 0.15 psi (1034 N/w?)
k.25 18.9 0 0 1.00 0 0.97
3.50 15.6 2,25 25 .82 .20
3.00 13.4 4,00 b5 .T1 .35
2.50 11.1 5.52 .62 .59 48
2.00 8.9 7.02 .79 b .61
1.50 6.7 8.52 .96 .35 CTh
1.00 4.5 9.27 1.05 24 .80
.50 2.2 10.77 1.22 .12 .93
o 0 11.52 1.30 0 1.00 0.91
p* = 132; p = 0.20 psi (1379 N/m?)
6.00 26.7 0 0 1.00 0 1.03
k.50 20.0 k.00 A5 ) .26
4,00 17.8 5.52 .62 67 .36
3.50 15.6 7.02 <79 .58 A6
3,00 13.4 177 .88 .50 .51
2,50 11.1 9.27 1.05 L2 .61
1.50 6.7 11.52 1.30 25 B
1.00 h.5 13.02 147 .17 .85
.50 2,2 1h.52 1.64 .08 .95
0 0 15.27 1.72 0 1.00 0.90

15



g6°¢ 69¢ Lg*t 90L Lgex ¢*0%9 TBUTPNYTIUOT
LT ¢09 78° G Lg 98" f g2 coL TeuTpnyT8ucT
—— — L9+ 8l9 AR ¢ L6G 9SJIDASURIL],
—— - 226 LG 90° 1 ¢ 685 SSISASUBI],
———— ——— 9T €09 20°H G 1Q< 9SIDASUBIY,
S/ ND TSY 2/ ND TSY S1/ND TSy
. JopuITAO .

(i 4°Gz) Tmwm 0°T ssaIgs quw\momhoW o

U0 SUOTIRAISSYO PaTTOIUO) ¥ 813 &
FUTUSIOYS ~PeoT PaTTOIZUO) UOTO8IT(T

- JI0J PIUTBIQO

SNTNPpoW S, JUNOK JO SoNTBA

d  SNINAOW S, DNNOX INTWMAIHA OL WIIJ DILSYId NO STINSHY ISHT ~-'IT SHTavVi

L-4133

NASA-Langley, 1965

16



“The aeronantical and space activities of the United States shall be
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